The competitive enzyme-linked immunosorbent assay (ELISA) has been used to quantify a small molecular antigen with a single epitope. This method is widely adopted in various fields, such as biology, medicine, pharmacy, and environmental science. An antigen in a sample and the enzyme-conjugated antigen react with an antibody against the antigen immobilized on an ELISA plate. The amount of the complex of the enzymeconjugated antigen and the antibody is proportional to the absorbance of the well after a reaction with a chromogen substrate solution. Since the concentration of the complex decreases with an increase of the analyte concentration in the sample, the calibration curve of competitive ELISA (absorbance vs. analyte concentration plot) is a reverse sigmoid curve. [1] [2] [3] When one makes a decision based on a quantified value, the precision of the value, the limit of detection (LOD) and the range of quantitation (ROQ) for the decision must be known. The Pharmacopoeia of Japan defines the ROQ and LOD to be the concentration with a 30% relative standard deviation (RSD) and the range with <10% RSD, respectively. 4,5 However, it is time-consuming and laborious work to determine the relationship between the RSD of concentration estimates and the concentration of an assay, because it is difficult to obtain an exact standard deviation (SD) estimate with a small number of repeated experiments. 3, [6] [7] [8] For example, the 95% confidence intervals of an estimated SD are ∼±20% of the true value for n = 40, but ∼±60% for n = 6.
Introduction
The competitive enzyme-linked immunosorbent assay (ELISA) has been used to quantify a small molecular antigen with a single epitope. This method is widely adopted in various fields, such as biology, medicine, pharmacy, and environmental science. An antigen in a sample and the enzyme-conjugated antigen react with an antibody against the antigen immobilized on an ELISA plate. The amount of the complex of the enzymeconjugated antigen and the antibody is proportional to the absorbance of the well after a reaction with a chromogen substrate solution. Since the concentration of the complex decreases with an increase of the analyte concentration in the sample, the calibration curve of competitive ELISA (absorbance vs. analyte concentration plot) is a reverse sigmoid curve. [1] [2] [3] When one makes a decision based on a quantified value, the precision of the value, the limit of detection (LOD) and the range of quantitation (ROQ) for the decision must be known. The Pharmacopoeia of Japan defines the ROQ and LOD to be the concentration with a 30% relative standard deviation (RSD) and the range with <10% RSD, respectively. 4, 5 However, it is time-consuming and laborious work to determine the relationship between the RSD of concentration estimates and the concentration of an assay, because it is difficult to obtain an exact standard deviation (SD) estimate with a small number of repeated experiments. 3, [6] [7] [8] For example, the 95% confidence intervals of an estimated SD are ∼±20% of the true value for n = 40, but ∼±60% for n = 6.
Consequently, Hayashi et al. 9 developed a mathematical model for describing the precision profile without the need for repeated experiments in competitive ELISA. In this model, the RSD of measurements (absorbances) is expressed as a function of the following parameters: analyte concentration, the RSDs of pipetted volumes of the analyte, enzyme-conjugated antigen, antibody (antiserum) and chromogen substrate solution, and the SD of the absorbances inherent to the well of a plate and the calibration curve. When one estimates the RSDs of pipetted volumes and the SD by experiment, the precision profile (theoretical RSD vs. concentration plot) can be drawn based on the calibration curve, and the LOD and ROQ of a competitive ELISA can be predicted. They validated this model through experiments using an indirect competitive ELISA kit for 17α-hydroxyprogesterone, and suggested that the RSDs of pipetted volumes depend on the pipetting skill of individual operators. 9 The purposes of this study are to experimentally demonstrate that the model can be applied for direct competitive ELISAs and that the entire uncertainty of the ELISAs substantially depends on the slope of the calibration curve and the pipetting skill of individual operators.
Experimental

Procedure of direct competitive ELISA
The competitive ELISA kits used in this study were as follows: 17β-estradiol, ethynylestradiol, estrone, estrogen and bisphenol A (BPA). ELISA kits were purchased from Japan EnviroChemicals (Japan) and a fenitrothion ELISA kit was purchased from Horiba Biotechnology (Japan). Each kit contains an analyte solution, a solution of peroxidaseconjugated antigen, a washing buffer, a substrate solution, a stopping solution and an ELISA plate. The analyte solutions were prepared so as to give final assay concentrations of 0, 0.05, 0.15, 0.4, and 1 ng/mL for 17β-estradiol, 0, 0.05, 0.15, 0.5, and 3 ng/mL for ethynylestradiol, 0, 0.05, 0.3, 0.8, and 5 ng/mL for estrone, 0, 0.1, 0.2, 0.5, and 3 ng/mL for estrogen, 0, 0.05, 0.3, 1, and 10 ng/mL for BPA, and 0, 0.045, 0.136, 0.407, 1.222, and 3.3 ng/mL for fenitrothion.
The analyte solution and the enzyme-conjugated antigen solution were mixed and 100 μl of the resultant mixture was dispensed into 8 wells of the plate. After incubation at 25˚C for 1 h, the plate was washed 5 times with the washing buffer. The substrate solution (100 μl) was added and the plate was incubated at 25˚C for 1 h. After adding the stopping solution (100 μl), the absorbance at 450 nm was measured using a microtiter plate reader (Horiba Biotechnology, SmartReader MPR-01).
Data sets of the analyte concentration and the absorbance were fit with the following four-parameter logistic equation containing fitting parameters of a, b, c, and d:
Here, A and f(A) are the analyte concentration and the absorbance, respectively.
Theoretical error
Based on a model proposed by Hayashi et al., 9 the RSD in the entire analysis (ρT) is expressed as
where G is the conjugated antigen concentration when the conjugated antigen binds to 50% of the antibody. ρA, ρG, ρB, and ρS denote the RSDs of pipetted volumes of the analyte, the enzyme-conjugated antigen, the antibody, and the substrate, respectively. ρS denotes two-thirds of the RSD of the pipetted volumes of the chromogen substrate solution. 9 σW denotes the absorbance inherent on the wells.
Measurement of RSDs of pipetting volumes
To determine the values of ρA, ρG, and ρS, the dial of a micropipette was set at 100 μL. A solution was aspirated and
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Results and Discussion
RSD of measurements
Competitive reactions at 5 levels of the analyte concentration were carried out in 8 wells at each level. The resultant 40 data sets of the analyte concentration and the absorbance were fitted with Eq. (1) by a nonlinear least-squares method. The fitted parameters for each kit are given in Table 1 , and the calibration curve of each kit is shown in the upper panel of Fig. 1 . The value of G, that is, the analyte concentration giving 50% of the maximum absorbance (absorbance in the absence of analyte), was estimated based on each calibration curve. ρG and ρA were determined using the conjugated antigen solution of each kit and pure water, respectively. In the procedure of direct competitive ELISAs, the analyte solution and the conjugated antigen solution are premixed and the mixture was pipetted to the ELISA plate. However, the RSD of the pipetting volume of the mixture is not considered in Eq. (2), because the amount of the conjugated antigen-antibody complex formed on the plate depends on the ratio of the antigen to the conjugated antigen in the mixture, but does not depend on the pipetted volume of the mixture. ρS was determined using the substrate solution of each kit, but two-thirds of this value was used to calculate the RSD of errors in the entire analysis. 9 σW was calculated based on the absorbance of the empty wells of the ELISA plate. 9 Since ρB means the RSD of the amount of antibody coated on the plate in direct competitive ELISAs, the average RSD of absorbance in the absence of antigen for 6 kits was used as ρB. In the absence of antigen, as discussed later, ρB 2 can be approximated to be ρT 2 in Eq. (2) because the contribution of other parameters to ρT 2 is negligible. However, the 95% confidence intervals of an estimated of SD are ∼±50% of the true value for n = 8. When each antibody of the kits used in this study was coated on the ELISA plate by the manufacture, each antibody was solved in the same buffer at the same protein concentration. Thus, the dispersion of the pipetting volume of the antibody solution for each kit is considered to be the same. Therefore, to reduce the confidence intervals of the SD of the amount of antibody, the average RSD of the absorbance in the absence of antigen for 6 kits was used as ρB. By adopting these values in Eq. (2), the theoretical RSDs of measurements of each ELISA kit were calculated (Fig. 1, middle panels, solid and broken lines) .
RSD of concentration estimates
The theoretical RSD of concentration estimates were converted from the theoretical RSD of measurements as follows: 1) At analyte concentrations from 0.001 to 100 ng/mL, the measurements of absorbance and the RSD of measurements were calculated using Eqs. (1) and (2), respectively. 2) The calculated RSD of measurements at each analyte concentration was converted to the SD of measurements by multiplying each measurement.
3) The SD of measurements was converted to the SD of concentration estimates by dividing each SD of the measurements with the slope of the calibration curve at each analyte concentration. 4) The theoretical RSD of concentration estimates was obtained by dividing each SD of the concentration estimates with each analyte concentration. The theoretical precision profile based on Eq. (2) (not a least-squares fit) of each ELISA kit is shown in the bottom panel of Fig. 1  (solid and broken lines) .
Comparison of theoretical value with experimental value
The ρT values of each ELISA kit are shown in Fig. 1 , middle panel. The ρT values estimated using the mathematical model were 1.0 -4.0% for all ELISA kits. The RSDs of the measurements increased (solid lines) with increasing concentration of the analyte. The experimental RSD values of the measurements were determined at 4 different concentrations of the analyte (symbols). In all cases, the experimental values of ρT were in good agreement with the theoretical value of ρT, except for the ethynylestradiol ELISA kit (B).
In the case of the ethynylestradiol ELISA kit (Fig. 1, B-1) , the color development when handled by operator II (A) was about one-third of that in the case of operator I (a). This might be due to the difference in the peroxidase activity, or in the conditions of the enzyme reaction. As a result, the theoretical RSD of concentration estimates at high concentrations of the analyte in the case of operator II was higher than that in the case of operator I. At the highest analyte concentration of the ethynylestradiol ELISA kit (3 ng/mL), both the theoretical and experimental RSD values of the concentration estimates were more than 10%. The upper limit of detection (RSD is less than 10%) in the case of operator I was 7.5 ng/ml, whereas that in the case of operator II was 2.0 ng/ml.
Validation of mathematical model
In this study, the mathematical model for predicting the precision, the LOD and the ROQ in competitive ELISA proposed by Hayashi et al. was validated. Based on the RSDs of pipetted volumes and the absorbance inherent on the wells, the precision profile for 6 kinds of ELISA kits were predicted 217 ANALYTICAL SCIENCES FEBRUARY 2007, VOL. 23 and compared with those determined by experiment. The precision profile agreed well with those determined by experiment. These results demonstrate that the mathematical model could be applied for various competitive ELISAs. It was also demonstrated that the mathematical model could be applied for direct competitive ELISAs, in addition to the case of the indirected ELISA validated in a previous study.
9
Effects of the slope of the calibration curve on the precision profile As Hayashi et al. pointed out that when the slope of the calibration curve, df(A)/dA, is gentle, the RSD of the concentration estimates is high. As mentioned above, when the theoretical RSD of concentration estimates is converted from the theoretical RSD of measurements, the SD of the measurements is divided by the value of the slope of the calibration curve. Thus, a gentle slope of the calibration curve gives a high RSD of the concentration estimates. As shown in Fig. 1, B-1 , the color development in the assay of ethynylestradiol performed by operator II, was poor compared with that in the case of operator I. This resulted in an extremely gentle slope of the calibration curve at high concentrations of the analyte. As a result, the RSD of the concentration estimates at the high concentration of the analyte obtained by operator II was higher than that obtained by operator I, whereas the RSD of measurements obtained by operator II was lower than that obtained by operator I. Therefore, sufficient color development is important to decrease the RSD of concentration estimates because the slope of the calibration curve becomes steep. In other words, each user of a competitive ELISA kit must estimate one's own ROQ and LOD because the slope of the calibration curve depends on the experimental conditions.
The contribution of ρB to the entire RSD is large when the analyte concentration (A value in Eq. (2)) is low. For example, in the case of the estrone ELISA kit, ρB 2 was 66.9% of ρT 2 in the presence of 5 ng/mL estrone, whereas it was 99.5% in the absence of estrone. As Hayashi et al. 9 pointed out, the pipetting skill of the antiserum solution was the major error source at low concentrations of the antigen.
Improvements of LOD and ROQ
For improving the LOD and ROQ, it is important to identify major factors that contribute to the total error of analysis. We discuss this point using the precision profile of the ethynylestradiol ELISA kit handled by operator I as an example (Fig. 2, thick solid line) . The error factors in Eq. (2) can be classified into two categories. One comprises ρG, ρA, and ρS, which are attributed to the part of the user. Another includes ρB and σW, which are attributed to the part of manufacturer. Even when ρG, ρA, and ρS are each increased fourfold, the precision profile changes negligibly (thin solid line) because the contribution of these parameters to the total error of analysis (ρT) is relatively small. This means that the difference in the pipetting skill of operators does not significantly affect the precision profile, at least when the operators have similar pipetting skills as operator I in this study. On the other hand, when ρB is reduced from 2.0 to 0.5%, the precision profile is improved considerably (Fig. 2, thick broken line) . This means that manufacturers should make an effort to reduce the RSD of the amount of antibody coated on each well, because this would lead to reducing the LOD and expanding the ROQ of each kit. However, if the manufacturers reduce ρB from 2.0 to 0.5%, unskillful pipetting would lead to an increase in LOD and a reduction of ROQ, because the contributions of the error factors of the user become large (Fig. 2, thick bloken line) .
Manufacturers provide LOD and ROQ information of each ELISA kit. As mentioned in this study, however, the LOD and ROQ depend on the slope of the calibration curve, and the contribution of ρB is the largest among the error factors. Therefore, manufacturers should reduce ρB and provide information on the ρB and σW values to users. Users should have pipetting skills with an error comparable to the ρB value, and evaluate the LOD and ROQ under one's experimental conditions using our method.
